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Serotonin Induces Long-Term Depression at Corticostriatal

Synapses
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The striatum has important roles in motor control and action learning and, like many brain regions, receives multiple monoaminergic
inputs. We have examined serotonergic modulation of rat and mouse corticostriatal neurotransmission and find that serotonin (5-HT)
activates 5-HT,, receptors resulting in a long-term depression (LTD) of glutamate release and striatal output that we have termed
5-HT-LTD.5-HT-LTD is presynaptically mediated, cAMP pathway dependent, and inducible by endogenous striatal 5-HT, as revealed by
application of a selective 5-HT reuptake inhibitor. 5-HT-LTD is mutually occlusive with dopamine/endocannabinoid-dependent LTD,
suggesting that these two forms of LTD act on the same corticostriatal terminals. Thus, serotonergic and dopaminergic mechanisms exist
that may interact to persistently sculpt corticostriatal circuits, potentially influencing action learning and striatal-based disorders.

Introduction

A single monoamine neurotransmitter, such as serotonin (5-HT)
or dopamine, can potently modulate the strength of various syn-
apse types within a nucleus. A common theme in brain, however,
is the convergent release of multiple monoamine neurotransmit-
ters to a given region. This configuration requires an understand-
ing of how multiple monoamine-dependent mechanisms may
interact to modulate synaptic potentials to ultimately dictate the
output of a given nucleus.

The dorsal striatum, a basal ganglia structure necessary for
action selection and habit formation, receives dual monoamin-
ergic input; dopaminergic innervation originating from the sub-
stantia nigra pars compacta and serotonergic innervation arising
from the dorsal raphe nucleus (DRN) (Steinbusch et al., 1981).
Striatal dopamine modulates the primary excitatory input to
striatum: glutamatergic cortical fibers that abundantly synapse
onto the dendritic spine heads of GABAergic medium spiny pro-
jection neurons (MSNs). Dopamine signaling through the D,
dopamine receptor is necessary for the mobilization of endocan-
nabinoids (eCBs) from MSNs that act retrogradely to induce
a long-term depression (eCB-LTD) of glutamatergic synaptic
transmission (Gerdeman et al., 2002; Kreitzer and Malenka,
2005). This form of plasticity at the corticostriatal synapse is im-
plicated in normal voluntary movement and skill learning and is
lost in parkinsonism (Kreitzer and Malenka, 2007).

Although important aspects of dopaminergic modulation of
the corticostriatal synapse have been illuminated, serotonergic

Received Nov. 30, 2010; revised March 7, 2011; accepted March 31,2011.

Author contributions: B.N.M., V.A.A.,and D.M.L. designed research; B.N.M.and N.A.C. performed research; V.A.A.
contributed unpublished reagents/analytic tools; B.N.M. analyzed data; B.N.M. and D.M.L. wrote the paper.

The authors declare no competing financial interests.

Correspondence should be addressed to David M. Lovinger, 5625 Fishers Lane, Room TS-13A, Rockville, MD
20852. E-mail: lovindav@willco.niaaa.nih.gov.

DOI:10.1523/JNEUR0SCI.6250-10.2011
Copyright © 2011 the authors ~ 0270-6474/11/317402-10$15.00/0

effects on this synapse are not well understood. 5-HT fibers pre-
dominately terminate as nonjunctioning axo-axonic varicosities
but also form axospinous or axodendritic asymmetric synapses
on presumed MSNs (Soghomonian et al., 1989). Several 5-HT
receptor subtypes are localized to the dorsal striatum, including
5-HT,,, 5-HT,,, 5-HT,y, 5-HT,, 5-HT,, 5-HT,., 5-HT,,
5-HT,, 5-HTs,, 5-HT,, and 5-HT, (Di Matteo et al., 2008). This
ultrastructural configuration and receptor expression profile,
coupled with findings showing that subsets of DRN serotonergic
cells fire coincidently with the initiation and termination of se-
lected voluntary movements (Fornal et al., 1996), suggest a role
for direct serotonergic modulation of synaptic transmission onto
striatal MSNGs.

To explore this possibility and potential interactions between
serotonergic effects and dopamine-dependent plasticity, we ex-
amined the effect of 5-HT on glutamatergic signaling onto MSN's
and net striatal output in rodent corticostriatal slices. We found
that application of 5-HT, or selective 5-HT transporter reuptake
blockade, induces LTD of glutamatergic signaling at corticostria-
tal synapses (5-HT-LTD) that reciprocally occludes eCB-LTD.
These findings reveal a unique monoaminergic mechanism con-
trolling presynaptic inhibition of corticostriatal glutamate re-
lease, a phenomenon that offers new insight into how dopamine
and 5-HT systems may interact to influence striatum-dependent
processes.

Materials and Methods

Brain slice preparation. After anesthetization of P14—P18 Sprague Dawley
rats or D, enhanced green fluorescent protein (GFP) BAC transgenic
mice (GENSAT) (Heintz, 2004), brains were removed, and 300-um-
thick (whole-cell recordings) or 350-um-thick (field potential record-
ings) coronal sections through the striatum were prepared using a
vibratome (Leica Microsystems). Sections were equilibrated for 30 min
(slices for field potential recordings) or 1 h (slices for whole-cell record-
ings) at 33°C in 95% CO,/5% O, bubbled artificial CSF (aCSF) contain-
ing the following (in mm): 124 NaCl, 4.5 KCl, 2 CaCl,, 1 MgCl,, 26



Mathur et al. @ 5-HT-LTD

>

% baseline EPSC amplitude

—
&
1

100

75

50+

5uM 5-HT Stimulate
Record

25 e Control (n=6)

© 5uM5HT (n=6)

c ) ) ) I ) I 1

0 10 20 30 40 50 60 70

Min
B 5 uM 5-HT
g 100 ® o0 . @ 0,
2 (RN TN e,
o 754
o T ? KW [e)
®
< ] OOy @%0@
(1]
; e Control
O 5uM5HT

Rs (MQ)

% baseline PS amplitude

% baseline PS amplitude

Figure1.

100 )
754
50-
254 (no picrotoxin) ® Control (n=5) 5%
O 5uM 5-HT (n=5)
c ] 1 1 ) ] 1
0 10 20 30 40 50 60
Min
5 uM 5-HT
100- ¢
ot |
754 VAN
50+ W V
251 (50 uM picrotoxin) ® Control  (n=5) /\/7 ,
O 5uM5-HT (n=5)
c ] ) L] ] ) 1
0 10 20 30 40 50 60

Min

5-HTinduces glutamatergic long-term depression. 4, Right, The stimulating electrode was placed at the border of the

J. Neurosci., May 18,2011 - 31(20):7402-7411 - 7403

NaHCO;, 1.2 NaH,PO,, and 10 glucose. Sec-
tions were subsequently incubated in the same
solution at 24°C.

Whole-cell voltage-clamp recordings. Electrodes
of 2-5 m() resistance were pulled from borosili-
cate glass on a Flaming/Brown micropipette
puller (Sutter Instruments). Pipettes were filled
with a CsMeSOj;-based solution of 295-300
mOsm (in mm: 120 CsMeSO,, 5 NaCl, 10
tetraethylammonium-Cl, 10 HEPES, 5 QX-314,
1.1 EGTA, 0.3 Na-GTP, and 4 Mg-ATP for ESPC
recordings) and a CsCl-based solution of 295—
300 mOsm (in mm: 150 CsCl, 10 HEPES, 2
MgCl,, 0.3 Na-GTP, 5 QX-314, 3 Mg-ATP, and
0.2 BAPTA for IPSC recordings). All recordings
were performed between 29°C and 31°C and in
the presence of picrotoxin (50 um). Striatal MSN's
were held at —60 mV, and nucleus accumbens
core MSNs were held between —70 and —75mV,
using a Multiclamp 700A amplifier (Molecular
Devices). A bipolar concentric stimulating elec-
trode (World Precision Instruments) was used to
elicit EPSCs with amplitudes between 300 and
600 pA every 20 s. The stimulating electrode was
placed at the border of the white matter of the
external capsule and the dorsolateral striatum for
dorsolateral striatum recordings. For the dorso-
medial striatum, recordings were performed
from MSNGs just lateral to the dorsolateral-most
point of the lateral ventricle, whereas the stimu-
lating electrode was placed at the border of the
overlying corpus callosum and striatum. For nu-
cleus accumbens recordings, the recording elec-
trode was placed just lateral to the anterior
commisure fiber bundle, whereas the stimulating
electrode was situated just lateral to the recording
electrode; both the recording and stimulating
electrodes were within the core of the nucleus ac-
cumbens. Recordings of EPSCs or IPSCs were fil-
tered at 2 kHz and digitized at 10 kHz. Data were
acquired using Clampex 9.2 (Molecular Devices).
Experiments were discarded if series resis-
tance varied by >15% or increased over 22 M().
The sensitivity to detect changes in ESPC ampli-
tude was not affected across the ranges of baseline
EPSC amplitude and series resistances used.

Extracellular recordings. Extracellular field
potential recordings were performed using re-
cording electrodes of 2—-5 m() resistance filled
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dorsolateral striatum and the overlying white matter of a stri-
atal hemisection, whereas a recording electrode measuring
striatal PSs or MSN EPSCs was placed within ~100-200 wm
of the stimulating electrode tip. Left, Application of 5-HT (5
jum) for 10 min induced LTD EPSC amplitude recorded from
MSNs in the dorsolateral striatum. No alteration in EPSC am-
plitude was observed in the absence of drug (control). Exam-
ple traces show baseline (black) and post-5-HT application
(gray) EPSCs. B, The 5-HT-induced depression of EPSC ampli-
tude was not a result of an increase in series resistance (bot-
tom). G, D, 5-HT (5 m, 10 min) persistently depressed PS
amplitude whether in the absence (C) or presence (D) of picro-
toxin (50 wm). Response amplitude was stable in the absence
of drug (control). Fiber volley amplitude was not depressed
after 5-HT application. Calibration: B, 100 pA, 20 ms; C, D, 0.5
mV, 4ms. All traces are averages of 15 sweeps, and all data are
expressed as the mean = SEM.
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with 0.9% NaCl. Slice preparation and recording chamber parameters
followed whole-cell methods above. A bipolar twisted tungsten electrode
delivered test pulses every 30 s (0.03 Hz) to elicit population spikes (PSs).
All other protocols were performed as described previously (Yin et al.,
2007).

Two-photon laser scanning microscopy and glutamate uncaging. A com-
bined Two-photon laser scanning microscopy (2PLSM) and glutamate
uncaging (2PLSU) microscope was used to uncage 4-methoxy-7-
nitroindolinyl-caged r-glutamate (MNI-glutamate) and image dendritic
spines of striatal MSNGs filled with Alexa Fluor-594 (20 um) through the
patch pipette from 200 wm rat coronal hemisections superfused with aCSF
maintained at 29°C. One titanium:sapphire laser (Chameleon Ultra IT; Co-
herent) was tuned to 720 nm to photoactivate bath-applied MNI-glutamate
(2.5 mm), whereas a second identical laser was tuned to 810 nm to excite
Alexa Fluor-594 for imaging cellular morphology. All other instrumenta-
tion was used as described previously (Carter and Sabatini, 2004).
Alexa Fluor-594 was dissolved in the CsMeSO;-based solution de-
scribed above and 10—15 min passed to allow for dye equilibration.
2PLSU pulses at 500 ws, electrical stimulation, and 2PLSM image acqui-
sitions were executed sequentially, with one sequence defined as the fol-
lowing: electrical stimulation delivery, 10 s pause, 2PLSM imaging, 10 s
pause, 2PLSU pulse delivery, 20 s pause.

Statistical analysis. Mean amplitude of EPSCs, IPSCs, and PSs were
measured in Igor Pro, Clampex 9.2, or Clampfit 9.2, and the data were
analyzed in GraphPad Prism (GraphPad Software). PS amplitude was
defined as the relative difference between the peak of the early positivity
and the peak negativity. EPSC, IPSC, and PS amplitudes were averaged
per minute, expressed as percentage of average baseline amplitude, and
compared using a two-tailed Student’s ¢ test. A one-way ANOVA fol-
lowed by post hoc Dunn’s test was used to analyze selected sets of spon-
taneous EPSC (sEPSC) and miniature EPSC (mEPSC) data.

Drugs. 5-HT, picrotoxin, and QX-314 were purchased from Sigma-
Aldrich. Cell-impermeant BAPTA, tetracesium salt (molecular weight of
1004.03) was purchased from Invitrogen. All other drugs were purchased
from Tocris Bioscience.

Results

Exogenous 5-HT-LTD

Effects of 5-HT on glutamatergic transmission onto MSNs in the
dorsolateral or dorsomedial striatum were examined by measur-
ing evoked EPSC (eEPSC) amplitudes in each subregion. The
stimulating and recording electrode locations for both whole-cell
and field potential recordings in the dorsolateral striatum are
depicted in Figure 1a. After acquisition of a baseline recording, a
10 min bath application of 5 um 5-HT resulted in a significant
depression of EPSC amplitude (5-HT-LTD) (EPSC amplitude at
t =70 min, 54.08 = 9.9% of baseline; n = 6; p < 0.0001) (Fig. 1a).
The observed depression was not a result of an increase in series
resistance (Fig. 1b). The EPSC amplitude decrease was long last-
ing and did not recover even 55 min after the cessation of 5-HT
application, prompting us to designate this depression as 5-HT-
LTD. The amplitude of EPSCs was stable in the absence of drug
application (Fig. 1a). Recording MSNs in the dorsomedial stria-
tum, we found that 5 um 5-HT also significantly depressed EPSC
amplitude (EPSC amplitude at t = 25 min, 65.3 = 4.0% of base-
line; n = 8; p < 0.0001). 5-HT-LTD was observed in 26 of 28
dorsolateral cells and 8 of 8 dorsomedial MSNGs.

The whole-cell data suggest that 5-HT-LTD may suppress
striatal output. We examined effects of 5-HT application on net
striatal output in acute corticostriatal slices using field potential
recording. 5-HT (5 uM, 10 min) application resulted in a depres-
sion of PS amplitude (PS amplitude at t = 60 min, 59.5 = 9.4% of
baseline; n = 5; p = 0.003) that persisted after 5-HT removal (Fig.
L¢). 5-HT is also known to excite GABAergic striatal fast-spiking
interneurons (Blomeley and Bracci, 2009), cells that potently in-
hibit MSN firing by directly innervating MSN somata (Tepper et
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al., 2008). To determine whether increased GABA , receptor sig-
naling contributes to 5-HT-induced PS depression, which pri-
marily derives from MSN responses, we applied 5-HT (5 um, 10
min) in the constant presence of picrotoxin (50 uM). A lasting
depression of PS amplitude was observed (PS amplitude at t = 60
min, 58.6 * 5.2% of baseline; n = 5; p < 0.0001) (Fig. 1d). The PS
amplitude was stable in the presence or absence of picrotoxin
(Fig. 1c,d).

5-HT-LTD is mediated by 5-HT,,, receptors and
presynaptically expressed

We next sought to determine the 5-HT receptor subtype mediating
5-HT-LTD. Application of the 5-HT,, receptor-selective agonist CP
93129 (2 uM, 10 min) induced LTD of EPSC amplitude in whole-cell
recordings from the dorsolateral striatum (EPSC amplitude at ¢ =
40—-45 min, 61.2 * 3.1% of baseline; p < 0.0001; n = 5) (Fig. 2a). CP
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Figure3. 5-HT-LTD is presynaptically expressed. A, Top left, 2PLSM image of a spiny den-
dritefilled with Alexa Fluor-594. Red arrow, Location of MNI-caged glutamate (2.5 mm) focal
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93129-induced depression was subsequently partially reversed
by the 5-HT,,-specific antagonist NAS-181 (20 um) compared
with the NAS-181-free control [ = 40—45 min, 76.3 & 2.1% (NAS-
181) of baseline; p = 0.004; n = 5]. Despite this partial reversal, EPSC
amplitude remained depressed compared with baseline (t = 40—45
min; p < 0.0001; n = 5) (Fig. 2a), indicating that CP 93129-induced
lasting depression is not a result of lingering 5-HT,, activation.
The 5-HT,, agonist 8-hydroxy-2(di-n-propylamino)tetralin (20
uM) did not alter responses (EPSC amplitude at £ = 25 min, 102.2 *
13.8% of baseline; p = 0.9; n = 3). To rule out involvement of other
5-HT receptor subtypes in 5-HT-LTD, we applied 5-HT (5 um, 10
min) in the continuous presence of NAS-181 (20 um). This treat-
ment completely blocked 5-HT-LTD (vs baseline at t+ = 25 min,
102.6 = 10.3%; p = 0.8; n = 5) (Fig. 2b). Application of the mixed
5-HT,, and 5-HT, receptor agonist TCB-2 (2 uM, 10 min) (Best
and Regehr, 2008) also persistently depressed EPSC amplitude (vs
baseline at t = 25 min, 72.8 = 5.6%; p = 0.001; n = 5), and this effect
was blocked in the continuous presence of NAS-181 (5 um) (vs
baseline at f = 25 min, 94.7 = 8.2%; p = 0.5; n = 4). Thus, 5-HT},,
appears to be the receptor subtype responsible for 5-HT-LTD.

Next, we examined whether 5-HT-LTD is expressed presyn-
aptically or postsynaptically. We first examined whether CP
93129 depressed EPSC amplitude evoked by 2PLSU of MNI-
glutamate (uEPSCs) at single MSN dendritic spine heads, which
were visualized using 2PLSM. Stimulating electrode eEPSCs (al-
ternated with uEPSCs) were used as a positive control. CP 93129
application did not depress uEPSC amplitude (vs baseline at t =
15 min, 91.6 * 10%; p = 0.4; n = 7) but depressed eEPSC
amplitude onto the same cell (vs baseline at + = 10—15 min,
43.2 + 8.5%; p < 0.0001; n = 7) (Fig. 3a). eEPSC amplitude was
significantly depressed compared with uEPSC amplitude (¢ =
10-15 min vs uEPSGC; p = 0.0026; n = 7), suggesting that 5-HT—
LTD is presynaptically expressed. Next, we delivered paired-
pulse stimulation at a 50 ms interpulse interval every 20 s and
applied CP 93129 (2 uMm). CP 93129 (2 uM, 10 min) increased the
paired-pulse ratio (PPR) (EPSC2/EPSC1) compared with
baseline (mean EPSC2/EPSC1 amplitude: baseline, 1.22 * 0.06
vs CP 93129, 1.42 * 0.09; p = 0.02; n = 8) (Fig. 3b), suggesting a
decrease in transmitter release probability. Presynaptically ex-
pressed LTD should also affect NMDA receptor-dependent
EPSCs (NMDAR-EPSCs), and we examined this by applying
the AMPAR antagonist NBQX (5 um) and recording at a —40
mV holding potential. Bath application of CP 93129 (2 um) per-
sistently depressed NMDAR-EPSC amplitude (¢t = 25-30 min,
21.4 = 1.0% of baseline; p < 0.0001; n = 5) (Fig. 3¢). To further
examine potential postsynaptic mechanisms in 5-HT-LTD, we
loaded the postsynaptic cell with the calcium chelator BAPTA (20
mM) through the recording pipette. Postsynaptic BAPTA did not
block 5-HT actions (t = 25 min, 48.8 = 7.6% of baseline; p =
0.0005; n = 5) (Fig. 3d).

We next examined the effect of CP 93129 (2 uM, 10 min) on
the frequency and amplitude of TTX-insensitive mEPSCs and
sEPSCs before (baseline), during (CP 93129), and 20-25 min

<«

photolysis by a 500 s, 720 nm 2PLSU pulse. Bottom, CP 93129 (2 rum) depressed electrical
stimulation-evoked EPSC amplitude (filled circles) but not MNI-glutamate uncaging-evoked
EPSC amplitude (open circles). B, CP 93129 increased the PPR over predrug baseline (*p =
0.02). C, Bath application of CP 93129 (2 um) persistently depressed NMDAR-mediated EPSC
amplitude. The cell was held at —40 mV and NBQX (5 m) was present to block AMPAR-
mediated currents. H.P., Holding potential. D, Intracellular loading of the calcium buffering
agent BAPTA (20 mw) did not block the depression of EPSC amplitude by bath application of
5-HT (5 pm) for 10 min. Calibration: 4, 20 pA, 20 ms; B—D, 100 pA, 20 ms.
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etal., 2008). We, therefore, tested whether
5-HT-LTD is mediated by cannabinoid
receptor 1 (CB,) activation. As a positive
control for the actions of the CB, antago-
nist AM251, we examined the ability of
the antagonist to block CB,-agonist-in-
duced synaptic depression. After a 5 min
baseline period, we applied the CB, agonist WIN 55,212-2 for 10
min with or without AM251 (3 um) present during the entire
experiment. The WIN 55,212-2-induced depression of EPSC am-
plitude (vs baseline at = 15 min, 72.6 = 4.4%; p < 0.0001; n =
5) was completely blocked by AM251 (vs baseline at t = 15 min,
96.7 £1.9,p=0.2,n = 5;vs WIN 55, 212-2 alone at ¢ = 15 min,
p =0.001) (Fig. 5a). To test whether 5-HT-LTD is indeed medi-
ated by CB,, we applied 5-HT (5 um) or CP 93129 (2 uMm) in the
presence of the CB, antagonist AM251 (3 um). CB, activation
was unnecessary for 5-HT- or CP 93129-induced depression of
EPSC amplitude (¢ = 25 min: 5-HT, 70.4 = 4.9% of baseline, p =
0.0009, n = 5; CP 93129, 57.6 * 6% of baseline, p < 0.0001, n =
6) (Fig. 5b,¢).

pA

5 R . i

Figure 4.

A, 30pA, 1s.

5-HT-LTD at other synapses

The striatum heavily expresses 5-HT,, transcript (Maroteaux et al.,
1992), and the 5-HT,, receptor protein was shown to be present on
MSN axon terminals (Boschert et al., 1994). However, no reduction
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5-HT-LTD involves changes in mEPSC frequency but not amplitude. A, mEPSC traces during baseline, CP 93129 (2
jum), and 20 —25 min of washout. B, CP 93129 (blue dots) increased the IEl of TTX-insensitive mEPSCs over baseline (black dots).
After 20 min of drug washout (red circles), the |El remained significantly greater than baseline (wash) (n = 6). ¢, mEPSCamplitude
was not significantly different across conditions (n = 6). D, Traces of example striatal MSN recordings show that the holding
current did not change during bath application of CP 93129 (2 ) (top) or by washout of CP 93129 (2 um) (bottom). Calibration:

in GABAergic IPSC amplitude in dorsolateral MSNs was observed
after the same 10 min application of 5 uM 5-HT (IPSC amplitude at
t = 25min, 90.4 = 10.8% of baseline; n = 7; p = 0.4) (Fig. 6a).
Because MSN axon collaterals impinge on other MSNs, it was
interesting that we did not observe 5-HT-LTD at GABAergic
synapses on MSNs after 5-HT application. Therefore, we
tested whether selective 5-HT,, activation, presumably on
MSN collateral terminals, could induce LTD. CP 93129 (2 um,
10 min) application depressed IPSC amplitude recorded in the
dorsolateral striatum (vs baseline ¢t = 30—-35 min, 59.2 * 9.1%j;
p = 0.002; n = 6) (Fig. 6b).

Because 5-HT application has been demonstrated to result in a
reversible inhibition of glutamate release in the nucleus accumbens
(Muramatsu et al., 1998), we examined the effects of CP 93129 on
evoked EPSCs recorded from MSNs of the nucleus accumbens core.
CP 93129 (2 uM, 10 min) resulted in a rapid and lasting depression of
EPSC amplitude (vs baseline at + = 30—35 min, 47.3 = 8.3%; p =
0.0002; n = 6) (Fig. 6¢).
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depression of EPSC amplitude. B, C, Bath application of 5-HT (5 um) (B) or the 5-HT,,-specific
agonist CP 93129 (2 um) (€) induced a depression of EPSC amplitude in the presence of AM251
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Endogenous 5-HT-LTD

To determine whether 5-HT-LTD is inducible by endogenous
5-HT in the acute slice preparation, we bath applied the selective
5-HT reuptake inhibitor (SSRI) citalopram (4 um) for 10 min.
Citalopram significantly depressed EPSC amplitude (vs baseline
at 30—35 min, 61.8 * 8.5%; p = 0.002; n = 5) (Fig. 7a). When
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Figure 6.  5-HT,, activation, but not 5-HT application, depresses GABAergic transmission

onto MSNs. 5-HT-LTD in nucleus accumbens. 4, Bath application of 5-HT (5 um) for 10 min did
not induce a depression of evoked IPSCs recorded from MSNs of the dorsolateral striatum. B,
However,a 10 min bath application of the 5-HT,, -selective agonist CP 93129 (2 wm) resulted in
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examining the individual cell data, three of five cells displayed
LTD, whereas two showed no depression (Fig. 7a). To promote a
more reliable SSRI-induced LTD for experiments examining re-
ceptor dependence, we applied citalopram (4 um) along with a
burst stimulation protocol consisting of six pulses (50 ms inter-
pulse interval) every 20 s for 10 min in an attempt to nonselec-
tively activate serotonergic fibers through current spread from
the stimulating electrode. This stimulation protocol began 3 min
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after the onset of citalopram application
and ended 3 min after beginning drug
washout (membrane potential was main-
tained at —60 mV). The same stimulating
electrode was used to elicit test pulses and
burst stimulation. We chose this burst
stimulation frequency because responses
fully recovered to baseline levels 5-10 min
after cessation of burst stimulation alone
(vs baseline at = 30—35 min, 93 * 5.8%;
p = 0.3; n = 6) (Fig. 7b). Thus, this pat-
tern of stimulation by itself is not suffi-
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cient to induce any form of LTD.
Citalopram coupled with the burst stimu-
lation protocol (Cit-Burst) consistently
and persistently depressed EPSC ampli-
tude (six of six cells) (+ = 35 min, 73 *=
3.2% of baseline; p < 0.0001; n = 6) (Fig.
7b). The CB, antagonist AM251 (3 um)
was present throughout the experiment to
exclude possible CB,-mediated effects. In
subsequent experiments we used the Cit-
Burst paradigm, as opposed to citalopram
alone, to ensure that LTD was consistently
induced.

To determine whether the 5-HT, re-
ceptor also mediated the Cit-Burst-induced
LTD, we applied Cit-Burst in the presence
of the 5-HT,;, antagonist NAS-181 (20 um).
This endogenous 5-HT-LTD was com-
pletely blocked by NAS-181 (vs baseline at
t=30-35min, 93.3 £5.2%,p=0.1,n=>5;
vs no NAS-181 at ¢+ = 30—35 min, 58.5 *
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ing GFP under control of the D, dopamine
receptor promoter. CP 93129 (2 uMm, 10
min) persistently depressed EPSC ampli-
tude in D;-containing (GFP-positive) (vs
baseline at + = 35 min, 62.2 * 6.9%; p <
0.0001; n = 10) and putative D,-containing
(GFP-negative) cells (vs baseline at t =
35 min, 66.2 = 8.3%; p < 0.0001; n = 10) (Fig. 8a). Cit-Burst
also persistently depressed averaged EPSC amplitude in both
D,-containing (vs baseline at t+ = 35 min, 71.2 * 7.9%; p <
0.0001; n = 10) and putative D,-containing (vs baseline at t =

Figure 7.

trace of a six-pulse burst. C,

Endogenous 5-HT-LTD. A, Citalopram (4 rm, 10 min) induced LTD (blue circles). Three of five cells showed LTD,
whereas the remaining neurons showed little to no depression of EPSCamplitude (gray triangles). B, Cit-Burstinduced LTD. AM251
(3 um) was present throughout. Each vertical, gray line indicates when a six-pulse burst was delivered. At top is a representative

NAS-181 (20 pum) blocked Cit-Burst-induced depression. AM251 was not present. Calibration: B,

six-pulse traces, 100 pA, 50 ms; all other traces; 100 pA, 20 ms.

35 min, 69.7 £ 6.8%; p < 0.0001; n = 10) MSNs (Fig. 8b).
Interestingly, three D,-containing cells and two putative D,-
containing cells exhibited a transient depression of EPSC
amplitude.
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induced a lasting depression of EPSC amplitude in both D,-containing and putative D,-
containing MSNs. Calibration: 100 pA, 20 ms.

5-HT-LTD is cAMP pathway dependent

5-HT);, a G;/G,-coupled receptor, is reported to negatively cou-
ple to adenylyl cyclase (AC) (Bouhelal et al., 1988). To explore
whether 5-HT-LTD is indeed AC dependent, we applied forsko-
lin (10-20 uMm), an activator of AC. Forskolin application alone
increased EPSC amplitude (vs baseline at + = 25 min, 126.8 *
9.1%; p = 0.03; n = 6) (Fig. 9a). After incubating slices for at least
15 min in 10-20 uM forskolin, we applied CP 93129 (2 um) for 4
min and observed initial, but not persistent, depression of EPSC
amplitude (¢ = 25 min, 95.4 = 5% of baseline; p = 0.4; n = 6)
(Fig. 9b), whereas CP 93129 (2 uM, 4 min) without forskolin
persistently depressed EPSC amplitude (f = 25 min, 59.3 = 3.6%
of baseline; p < 0.0001; n = 5). Because AC catalyzes the conver-
sion of ATP to cAMP, we examined whether cAMP saturation
might prevent 5-HT-LTD. Bath application of 8-Br-cAMP (80
uM), a cell-permeable cAMP analog, blocked CP 93129-induced
LTD (vs baseline at t+ = 25 min, 90.8 = 8%; p = 0.35; n = 5),
suggesting that 5-HT-LTD works through the cAMP-dependent
pathway (Fig. 9¢).

5-HT-LTD and eCB-LTD are mutually occlusive

Thus far, 5-HT-LTD and eCB-LTD both appear to activate pre-
synaptic G;/G,-coupled receptors (5-HT;;, and CB;). Because
both 5-HT,, and CB,; engage similar post-receptor signaling
pathways (Bouhelal et al., 1988; Davis et al., 2003), we reasoned

J. Neurosci., May 18,2011 - 31(20):7402-7411 - 7409

A 10-20 pM Forskolin
2 R,
£ 1251
©
O 1004 - - -*— -------
o |
2 75 “
[
S 5o (n=6)
®
0 é 1I0 1I5 ZIO 2I5
Min
B 10-20 uM Forskolin
2 uM CP 93129
£ woyde T VL L
E_ < §§ 0d $oo ? o 0
& 75 H h + ; ' \
D tho ogd
& Poqeeteegtety \/
Q |
£ i
$ 25] ® 2uMCP93129alone (n=5) |
g O 2 puM CP 93129 in forskolin (n = 6)
° c L T T ] 1
0 5 10 15 20 25
Min
C 80 uM 8-Br-cAMP
2 uM CP 93129
é 100-.0-*..;’_._._ o e +T* -
£ TR,
< 75
9]
D i
o (
W 50- I
2
@
8 % (n=5) L
®
c 1 ) T 1 1
0 5 10 15 20 25
Min
Figure 9.  5-HT-LTD is cAMP pathway dependent. A, Forskolin (10—20 wm) potentiated

EPSC amplitude. B, CP 93129 (2 um, 4 min) persistently depressed EPSC amplitude. Forskolin
blocked CP 93129-induced LTD of EPSCamplitude, but transient EPSC depression was observed
during agonist application. C, In the presence of 8-Br-cAMP (80 ), CP 93129 did not depress
EPSCamplitude. Calibration: 100 pA, 20 ms.

that if 5-HT,;, and CB, were on the same population of cortico-
striatal terminals then eCB-LTD and 5-HT-LTD may be mutu-
ally occlusive. To examine this, we first induced eCB-LTD with a
high-frequency stimulation protocol (HFS) consisting of four
100 pulse trains (every 10 s) with an interpulse interval of 10 ms
(100 Hz for 1 s) while depolarizing the cell to a 0 mV holding
potential. HFS induced a depression of EPSC amplitude (t = 14
min, 74.4 * 6.6% ofbaseline; p = 0.005; n = 5) (Fig. 10a). During
stabilization of EPSC amplitude after HES, we then applied Cit-
Burst to induce 5-HT-LTD. Cit-Burst induced a minor, additional
depression that was not significantly different from EPSC amplitude
after HES alone (EPSC amplitude at = 14 min vs t = 35 min, 59.5 *
8.9% of the original pre-HES baseline; p = 0.2; n = 5).

To examine whether 5-HT-LTD occludes eCB-LTD, we ap-
plied Cit-Burst, which again induced LTD of EPSC amplitude
compared with baseline (f = 25 min, 63.5 = 6.4%; p = 0.0005;
n = 5) (Fig. 10D). After stabilization of EPSC amplitude, we then
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pressed by HFS. €, After stabilization of CP 93129-induced depression, ESPCamplitude was not
further depressed by HFS. Calibration: 100 pA, 20 ms.

delivered HFS. Compared with EPSC amplitude after Cit-Burst,
HEFS did not induce an additional depression (EPSC amplitude
t=25minvs t = 45 min, 67.1 * 4.9%; p = 0.7; n = 5), showing
eCB-LTD and 5-HT-LTD to be mutually occlusive. It is possible
that some eCBs are released by the burst component of Cit-Burst,
and this could decrease the ability of HFS to induce an additional
eCB-dependent depression after Cit-Burst. Thus, we bath applied
CP 93129 (2 uM), waited for stabilization of the EPSC amplitude,
and then delivered HFS. CP 93129 (2 uMm) alone depressed the
EPSC amplitude (vs baseline at t = 24 min, 51.7 = 6.6%; p <
0.0001; n = 5). HFS did not further depress EPSC amplitude after
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CP 93129 application (EPSC amplitude t = 24 min vs ¢ = 45 min,
40.8 = 6.5%; p = 0.3; n = 5) (Fig. 10c), showing that this route to
5-HT-LTD also occludes eCB-LTD.

Discussion

We show that exogenously applied or endogenous 5-HT induces
a presynaptically expressed, 5-HT,,-dependent LTD of glutama-
tergic transmission (5-HT-LTD) in the dorsal striatum that cul-
minates in a depression of net striatal output. 5-HT-LTD is
cAMP pathway dependent and, within the striatum, represents a
novel pathway to lasting depression that parallels and occludes
the dopamine-dependent, eCB-mediated LTD.

Mutual occlusion between 5-HT-LTD and eCB-LTD, in-
creased PPR, and decreased sEPSC and mEPSC frequencies indi-
cate a presynaptic mechanism of 5-HT-LTD expression, perhaps
involving a decrease in probability of glutamate release. In con-
trast, mEPSC and uEPSC amplitudes were not affected, and post-
synaptic manipulations, particularly BAPTA loading, did not
prevent 5-HT-LTD induction. This evidence for presynaptic
5-HT, localization is supported by electron microscopic, elec-
trophysiological, and neurochemical studies that revealed that
5-HT,;, receptors are localized to presynaptic terminals and act as
autoceptors or heteroceptors in several brain regions (Sari et al.,
1999; Morikawa et al., 2000). Considering that application of
5-HT, a 5-HT,,, agonist, and citalopram all induce LTD, the most
parsimonious explanation of these findings is that 5-HT-LTD
induction involves 5-HT acting heterosynaptically on 5-HT,, re-
ceptors localized on corticostriatal terminals.

It should be noted that our glutamate uncaging experiment
could be confounded by sample bias through inadvertent exam-
ination of 5-HT,,-unresponsive synapses on spines. However, it
is unlikely that we would have consistently observed no change in
uEPSCs given the strong 5-HT;, agonist inhibition of eEPSCs. To
minimize eEPSC and uEPSC amplitude disparity, and thus syn-
apse selection disparity, we used electrical stimulation parame-
ters that evoked the smallest-amplitude eEPSCs that showed
acceptable consistency. Because all corticostriatal synapses are on
MSN spines and a band of 5-HT;, mRNA-positive cell bodies is
visible in layer V of mouse cortex whereas no signal is apparent in
the thalamic intralaminar nuclei (Allen Brain Atlas; http://www.
brain-map.org/), we would have expected to observe depression
in most, if not all, of the uEPSCs. Thus, although we cannot fully
rule out an effect of sample bias, we feel that it is unlikely to
account for our findings.

Reversible inhibition of glutamate release has been demon-
strated during 5-HT application in the nucleus accumbens
(Muramatsu et al., 1998). We showed that 5-HT-LTD is not a
consequence of residual agonism by applying the 5-HT,,, antag-
onist NAS-181 after induction and stabilization of EPSC ampli-
tude depression. We also observed 5-HT-LTD at inhibitory
synapses onto dorsolateral MSNs and at glutamatergic synapses
onto MSNs of the nucleus accumbens core. Interestingly, we ob-
served a reversible inhibition during Cit-Burst delivery in a few
D,-containing and putative D,-containing cells recorded from
mouse slices and in all cells when CP 93129 was applied in the
presence of forskolin. The reversible effect was not seen in mouse
slices when we applied CP 93129 alone. This suggests that the
duration and concentration of 5-HT;, activation, and coupling
to downstream AC, may be critical in governing the transition
from short- to long-term inhibition of glutamate release.

Although 5-HT-LTD and eCB-LTD share the common fea-
ture of presynaptic G;/G,-coupled signaling and depression of
neurotransmitter release, 5-HT-LTD is a unique form of plastic-
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ity in brain because of its distinct requirements for induction.
Unlike eCB-LTD, which is mediated by retrograde eCB signaling
(Gerdeman et al., 2002), our postsynaptic manipulation data in-
dicate that retrograde signaling is not involved in the induction of
5-HT-LTD. This is important because both presynaptic activity
and postsynaptic calcium influx appear to be required for eCB-
LTD (Singla et al., 2007; Adermark et al., 2009), indicating syn-
apse specificity, and, thus, a “Hebbian” form of plasticity. In the
contrasting case of 5-HT-LTD, our data suggest that presynaptic
corticostriatal action potential firing is unnecessary for 5-HT-
LTD induction. Because all of our experiments involved a con-
stant holding potential during recordings and a sodium channel
blocker (QX-314) in a cesium-based internal solution, we can
assume that postsynaptic activity is not necessary for 5-HT-LTD
induction. Without the need for presynaptic or postsynaptic ac-
tivity, 5-HT-LTD appears to be non-Hebbian.

DRN firing is implicated in the control of actions (Fornal et
al., 1996; Jacobs and Fornal, 1999). Single-unit recordings from
freely moving cats demonstrated significant firing increases in
subsets of serotonergic DRN neurons preceding initiation of
oral-buccal movements, resumption of normal firing rates dur-
ing termination of motor sequences (Fornal et al., 1996), and
abrupt decreases in DRN activity to levels at or below baseline
that are tightly correlated with spontaneous pauses in motor se-
quences. The notion of striatal 5-HT influencing action control is
consistent with the clinical use of SSRIs for the treatment of
obsessive-compulsive disorder (Goddard et al., 2008). Genetic
deletion of the corticostriatal synapse-specific protein SAPAP3
results in an obsessive-compulsive disorder-like behavioral phe-
notype thatis alleviated by SSRI treatment (Welch et al., 2007). In
the context of the present findings, the dynamic interaction of
striatal 5-HT-LTD and eCB-LTD is a candidate mechanism for
the long-term filtering of corticostriatal input enabling proper
action selection that may also represent a point of perturbation
by therapeutic and illicit drugs (Rocha et al., 1998).
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